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In the current competitive business environment, many factors can inﬂuence company’s performance, but the most
important factors are product and service quality, customers’ satisfaction and low production and distribution costs. There-
fore, viable companies are those who have a strategic and long term plan for these factors. There are various mathematical
models have been developed in the area of production and distribution network design (see [1–5]).
In supply chain management, three planning levels are usually distinguished depending on the time horizon: strategic,
tactical and operational [6,7]. Long term planning is done in strategic level, midterm decisions are related to tactical level
and short term decisions are done in operational level. The relative importance of these decision levels can be different from
one company to another.
Strategic decisions are very important in the current competitive business world for those managers who want to retain
their ﬁrms viable for a long time. Tactical and operational decisions are important due to their inﬂuence on strategic deci-
sions. Some of the decisions can be considered as strategic decision in a ﬁrm, whereas the same decision is considered as
tactical decision in some other ﬁrms. These differences emerge because of different decision policies in ﬁrms. Melo et al.
[8] reviews the existing literature in terms of essential aspects and decisions (strategic, tactical, operational) that can be
valuable in understanding status of the decision levels in the existing literature.
There are many papers in the ﬁeld of integrated supply chain management. Some papers propose a model considering
only one decision level [9–12]. In some researches two decision levels are considered in the proposed mathematical model. All rights reserved.
@gmail.com (M. Bashiri), badri@aut.ac.ir (H. Badri), jafartalebi@ut.ac.ir (J. Talebi).
Nomenclature
kðk 2 k; k ¼ 1; . . . ;KÞ set of strategic periods
T ðt 2 T ; t ¼ 1; . . . ; TÞ set of tactical periods
Sðs 2 SÞ set of suppliers
Mði 2MÞ set of production plants
Wðj 2WÞ set of warehouses
Wp set of private (permanent) warehouses
WH set of public (hired) warehouses
Oðo 2 OÞ set of capacity options for expansion
Cðc 2 CÞ set of customers
pðp 2 pÞ set of products (raw material and ﬁnished product)
prðpr  pÞ set of raw materials
pf ðpf  pÞ set of ﬁnished products
INVk investment in period k
Ir Interest rate
Inck net income in strategic period k
Fk cumulative net proﬁt from the ﬁrst strategic period to period k  1
DLk cumulative net incomes from the ﬁrst strategic period to period k  1
TR tax rate
SH stakeholders’ share (in percent)
BigM a large number
F total proﬁt
R total return after sales
Rk;ts;p available capacity of supplier s for p at each strategic and tactical period
MKi initial capacity at i
NKi maximal installable capacity at i
MUi minimal utilization rate of facility i
NUi maximal utilization rate of facility i
CKo capacity of option o
Dk;tc;p demand of customer c for product p at each strategic and tactical period
Bp0 ;p quantity of p0 necessary to manufacture a unit of p
WLp,i production time of a unit p at plant i
Vp workload of a unit p at warehouse j
MOs,p minimal allowable order of a unit p to supplier s
Ai,j number of deliveries from plant i to warehouse j in one period
PRp selling price of a unit p to customers
PSp;s price of raw material p supplied by supplier s
Coi ﬁxed cost for opening a facility at a potential location i
CAi,o ﬁxed cost for adding capacity option o to facility i
CUi ﬁxed cost for operating a facility i
Copi,o ﬁxed cost for operating capacity option o at facility i
CPp,i variable cost of production of a unit p at plant i
CSp,j storage cost of a unit of p at warehouse j
CTp,i,j transportation cost of a unit of p from plant i to warehouse j
CDp,s,i transportation cost of a unit of p from supplier s to plant i
CFp,j,c transportation cost of a unit of p from warehouse j to customer c
xki 1 if the facility i is active at strategic periodk; 0 otherwise
yki;o 1 if the capacity option o is added to i at strategic periodk; 0 otherwise
zk;ts;p 1 if the supplier s is selected for the raw material p at each strategic and tactical period; 0 otherwise
f k;tp;a;b quantity of item p transferred from entity a to b at each strategic and tactical period, a 2 {s, i, j}, b 2 {i, j,c}
qk;tp;i quantity of product p produced in plant i at each strategic and tactical period
hk;tp;j quantity of product p held in warehouse j at the beginning of t of strategic period k
1704 M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717[13–17] most of which encompass tactical and strategic decisions [13,14,16,18], some of them include operational and tac-
tical decision levels [15,19,20] and a few papers include operational and strategic decision levels [17].
An important note that should be considered in decision making is the coincidence of decisions to proper time horizon.
There are some papers in which it is supposed that parameters will remain constant during the planning horizon and based
M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717 1705on this supposition their decisions are made in a single period [9,10,14,16]. Some scholars propose a multiple period model
to take dynamism of the parameters into consideration [13,15,21,22]. It is observed that some of these papers consider more
than one decision level in a dynamic model with a single time resolution [13,15]. Table 1 shows characteristics of some exist-
ing models.
Here some works which conducted us to develop our idea are described with more details. Amiri [18] proposed a mixed
integer linear model to select the optimum numbers, locations and capacities of plants and warehouses to open so that all
customer demand is satisﬁed at minimum total costs of the distribution network in a three echelons, single period and single
product. Melo et al. [42] aim at relocating the network with expansion/reduction capacity scenarios. In this paper capacity
can be exchanged between an existing facility and a new one, or between two existing facilities under some conditions. Each
change of capacity is penalized by a cost. In this model, closed facilities cannot be reopened, and new facilities will remain in
activity until the end of the planning horizon.
Thanh et al. [9] proposes a dynamic mixed integer linear programming model for a four echelon supply chain including
suppliers, manufacturing ﬁrms, distribution centers and customers. Bill of materials and multiple products have been taken
into consideration. This paper includes strategic and tactical decisions: opening, closing or enlargement of facilities, supplier
selection, ﬂows along the supply chain. They make a distinction between a private warehouse (owned by the company) and a
public warehouse (hired by the company). Also they have supposed that the status of a public warehouse can change more
than once during the planning horizon.
Mentioned concepts and observations from the existing literature conducted us to develop a mixed integer linear pro-
gramming model (MILP) for the design and expansion planning of a dynamic supply chain network. The main idea of the
proposed model is to develop a tool for strategic and tactical decisions. At strategic level the proposed model determines
the network’s design parameters such as number of facilities and their location as well as expansion mode.
The proposed model considers different time resolutions for strategic and tactical decisions; high resolution for tactical
decisions and low resolution for strategic decisions. In the literature review it was observed that all reviewed papers have
considered a single time resolution for more than one decision level. Another key feature of the proposed model is that in
this model network expansion is planned based on cumulative net incomes. In many papers expansion of facilities is re-
stricted to a predetermined fund or a ﬁxed number of maximum facilities allowed to be established in each period while
in the real world situation, companies’ expansion budget is mostly supplied by their net incomes.
Above mentioned features are the main differences between the proposed model in this paper and models proposed by
Amiri [18], Thanh et al. [9] andMelo et al. [42]. The model proposed by Amiri [18] is a single period model without expansion
planning and the model proposed by Thanh et al. [9] which is a multiple period model, consider a single resolution time for
strategic and tactical decisions. Another main difference between the proposed model in this paper and the model proposed
by Thanh et al. [9] is that they have considered a maximum installable facility in expansion constraint, while the proposed
model in this paper uses cumulative net incomes as the ﬁnancial source for expansion. Also Thanh et al. [9] considered min-
imum costs as objective function, while in the proposed model in this paper the objective is to maximize total net proﬁt.
Remainder of this paper is organized as follows: in Section 2 the proposed model will be presented and described. To
illustrate applications of the proposed model a hypothetical numerical example is designed and analyzed in Section 3. In Sec-
tion 4 some numerical analysis will be done to evaluate solution time of the proposed model using CPLEX solver. Finally con-
clusions and future researches are drawn in Section 5.
2. Proposed model
In this section a mixed integer linear programming model for the design of a dynamic production–distribution network
with multiple commodities is presented. Four echelons in this network are suppliers, production units, warehouses and cus-
tomers. The proposed model has been developed to determine network’s design parameters and expansion mode as well as
production and distribution planning. Network design and expansion planning are two main strategic decisions of the pro-
posed model. At tactical level, this model determines production and distribution planning during the decision horizon.
These two different decision levels (strategic and tactical) are made in different time resolutions, high resolution for tactical
decisions and low resolution for strategic decisions.
There are some potential suppliers for rawmaterials, some potential sites for production units, different potential sites for
private warehouses and a number of customer zones with different distances to each potential warehouses are considered.
Each potential site has initial capacity and maximum installable capacity. Also, Facilities should operate between a deter-
mined minimum and maximum utilization rate. Also there are a number of public warehouses that can be hired for some
periods. Despite of private warehouses, hiring a public warehouse has no ﬁxed cost, but variable costs of public warehouses
are greater than those of private warehouses. Established production units and private warehouses cannot be closed, while
closing public warehouses is permitted.
The proposed model uses cumulative net incomes in budget constraint. At the end of each strategic period, cumulative
net incomes (proﬁt after tax and stakeholders’ share) are calculated as expansion budget. Therefore, total establishment cost
of production units and warehouses in each strategic period, has to be limited to expansion budget plus investments.
The model is designed to satisfy a portion of market demands (not necessarily all demands) with respect to the restric-
tions of the network such that the proﬁt is maximized. Therefore, objective function of the proposed model is to maximize
network total proﬁt. In this problem customers demand is dynamic and deterministic during time periods.
Table 1
Characteristics of some existing models.
Paper Echelons Demand Period (s) Raw material Finished
product
Production
stages
Parameters Objective
function
Budget
constraint
Decision
levels
Static Dynamic Single Multiple Single Multiple Single Multiple Single Multiple Deterministic Stochastic Fuzzy Single Multiple
Goyal [23] 2 U U U U U U U T
Goyal et al. [10] 2 U U U U U U T
Goyal et al. [11] 2 U U U U U U U U T
Tasan [24] 2 U U U U U U U T
Goyal and Deshmukh
[25]
2 U U U U U U U T
Arntzen et al. [13] 3 U U U U U U U S–T
Pirkul and Jayaraman
[14]
3 U U U U U U U S–T
Fumero and Vercellis
[15]
2 U U U U U U U T–O
Pirkul and Jayaraman
[16]
3 U U U U U U U S–T
Fumero and Vercellis
[21]
2 U U U U U U U T
Barbarosoglu and Ozgur
[22]
3 U U U U U U U T
Torabi [26] 3 U U U U U U U T
Dhaenens-Flipo [17] 2 U U U U U U U S–O
Park [27] 2 U U U U U U U T
Amiri [18] 3 U U U U U U U S–T
Timpe and Kallrath [28] 2 U U U U U U U T
Lei et al. [29] 2 U U U U U U U T
Naso et al. [30] 2 U U U U U U U T
Li and Vairaktarakis [19] 2 U U U U U U U T–O
Aliev et al. [31] 3 U U U U U U U U T
Liang [32] 2 U U U U U U U U T
Chen and Wang [33] 3 U U U U U U U T
Jayaraman and Pirkul
[34]
4 U U U U U U U S–T
Noorul Haq and Kannan
[35]
4 U U U U U U U U T
Kanyalka and Adil [20] 3 U U U U U U U T–O
Vidal and Goetschalckx
[36]
3 U U U U U U U U T
Thanh et al. [9] 4 U U U U U U U U S–T
Gumus et al. [37] 3 U U U U U U U S–T
Mohammadi Bidhandi
et al. [38]
3 U U U U U U S–T
Bilgen [39] 3 U U U U U U U S–T
Mohammadi Bidhandi
and Yusuff [40]
4 U U U U U U U S–T
Longinidis and
Georgiadis [41]
4 U U U U U U U U S
Proposed research 4 U U U U U U U U S–T
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M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717 1707Some of the most important decisions in the proposed model are as following:
 Location and establishment time of facilities (production plant, warehouse) during the planning horizon.
 Decision about establishing a new facility or adding capacity to one or more established facility.
 Supplier selection and the raw material quantity to be supplied from them.
 Products quantity to be produced in each production plant.
 Products quantity to be transported from each production plant to each warehouse.
 Products quantity to be transported from each warehouse to each customer zone.
The most important assumptions in the proposed model are as following:
 An opened private facility cannot be closed during the planning period.
 Each site has an initial capacity as well as a maximal installable capacity.
 Capacity of a facility can be increased by adding capacity options.
 Facilities should operate between a determined minimum and maximum utilization rate.
 Each supplier has a restriction on the available raw materials and a limited capacity.
 Transfers are not permitted between warehouses.
 Inventories are held only in warehouses.
Objective function:
The objective function is to maximize total net income over the time periods computed by subtracting total cost from
total revenue. The total cost includes the ﬁxed costs of opening facilities, adding facility options, operating facility and var-
iable costs of raw material, production, inventory and transportation. Eq. (1) shows the objective function in which the net
present value of net incomes is maximizedMaximize F ¼
X
k2k
Inck
ð1þ IrÞk1
: ð1ÞConstraints:X
j2W
f k;tp;j;c 6 D
k;t
c;p; 8c 2 C; 8p 2 pf : ð2ÞConstraint (2) states that all products transferred to costumers should not be more than their demands in any period. We
should note that in this model it is not necessary to satisfy all customer demandshðk1Þ;Tp;j þ
X
i2M
f k;tp;i;j ¼
X
c2C
f k;tp;j;c þ hk;tp;j ; 8j 2W; 8p 2 pf ; t ¼ 1; ð3Þ
hk;ðt1Þp;j þ
X
i2M
f k;tp;i;j ¼
X
c2C
f k;tp;j;c þ hk;tp;j ; 8j 2W; 8p 2 pf ; t – 1: ð4ÞConstraints 3, 4 are related to equilibrium of ﬂows at warehouses. The quantity of a product stored at the end of previous
tactical period plus the total quantity of that product delivered to warehouse at the current tactical period should be equal to
the quantity of that product transported to customer zones plus the quantity stored at the end of the current tactical periodX
s2S
f k;tp;s;i ¼
X
p2pf
Bp0 ;p  qk;tp;i ; 8i 2M; 8p0 2 pr : ð5ÞConstraint (5) ensures that plants receive enough raw materials in order to produce the required quantity of ﬁnished
productsqk;tp;i ¼
X
j2W
f k;tp;i;j; 8i 2M; 8p 2 pf : ð6ÞConstraint (6) states that the quantity of manufactured products at a plant should be equal to its delivered quantity to
warehousesX
p2pf
WLp;i  qk;tp;i 6 NUi  MKi  xki þ
X
o2O
CKoyki;o
 !
; 8i 2M; ð7Þ
X
p2pf
WLp;i  qk;tp;i P MUi  MKi  xki þ
X
o2O
CKoyki;o
 !
; 8i 2M: ð8Þ
1708 M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717Constraints 7, 8 are related to capacity of production plants. These constraints prevent a plant to function under its min-
imum rate of utilization and to exceed the maximum rate of utilization of its installed capacity. The installed capacity is the
sum of the initial capacity and the capacity of the added optionsX
p2pf
Vp  hk;tp;j þ
X
i2M
1
2Ai;j
 f k;tp;i;j
 !
6 MKjxkj þ
X
02O
CKo  ykj;o; 8j 2Wp; ð9Þ
MKi  xki þ
X
02O
CKo  yki;o 6 NKi; 8i 2M [Wp: ð10ÞWarehouses must not store more than their storage capacity (9). Also the installed capacity at any plants and any ware-
house must not exceed its maximal installable capacity (10)X
i2M
f k;tp;s;i 6 zk;ts;p  Rk;ts;p; 8s 2 S; 8p 2 pr ; ð11ÞX
i2M
f k;tp;s;i P MOs;p  zk;ts;p; 8s 2 S; 8p 2 pr : ð12ÞSuppliers deliver a raw material if and only if they are selected for this raw material (11) and their delivery cannot exceed
their available capacity. Constraint (12) is to avoid purchasing each raw material less than predetermined minimal amount
of the delivered quantity of each supplierInck ¼
X
t2T
X
j2W
X
p2pf
X
c2C
PRp;c  f k;tp;j;c; ð13Þ

X
i2M[Wp
Coi  xkþ1i  xki
 
; ð14Þ

X
i2M[Wp
X
o2O
CAi;o  ykþ1i;o  yki;o
 
; ð15Þ

X
i2M[Wp
CUi  xki þ
X
o2O
Copi;o  yki;o
 !
; ð16Þ

X
t2T
X
p2pf
X
i2M
CPp;i  qk;tp;i ; ð17Þ

X
t2T
X
p2pf
X
j2W
CSp;j  hk;tp;j þ
X
i2M
f k;tp;i;j
2Ai;j
 !
; ð18Þ

X
t2T
X
s2S
X
p2pr
X
i2M
CDp;s;i  f k;tp;s;i; ð19Þ

X
t2T
X
p2pf
X
i2M
X
j2W
CTp;i;j  f k;tp;i;j; ð20Þ

X
t2T
X
p2pf
X
j2W
X
c2C
CFp;j;c  f k;tp;j;c; ð21Þ

X
t2T
X
s2S
X
p2pr
X
i2M
PSp;s  f k;tp;s;i: ð22ÞConstraints (13)–(22) are related to the net income of supply chain in each period which is obtained by subtracting total
cost from total revenue. Total revenue is calculated by relation (13) and total cost includes ﬁxed costs of opening facility (14),
adding capacity options to plants and warehouses (15), operating facility ﬁxed cost (16), production variable costs (17), stor-
age variable costs (18) transportation costs from supplier s to plant i(19), from plant p to warehouse j (20) and from ware-
house j to customer c (21) and ﬁnally raw material supply costs (22)F k ¼
XK1
k¼1
Inck; ð23Þ
DLk ¼ ð1 TRÞ  ð1 SHÞ  F k; ð24ÞX
i2M[Wp
Coi  xki  xk1i
 þ X
i2M[Wp
X
o2O
CAi;o  yki;o  yk1i;o
 
6 DLk þ INVk: ð25Þ
M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717 1709Here we assume that there is an investment for each strategic period and development budget in each period is deter-
mined based on net proﬁt computed by subtracting total cost from total revenue in previous periods plus investment. Con-
straint (23) calculates the cumulative net income from the ﬁrst period to period k  1. Constraint (24) calculates the
expansion budget which is the net incomes. Constraint (25) prevents the cost of opening facility and adding option to some
opened facilities be more than expansion budget in each periodTable 2
Scenari
Perio
1
2
3
4
5yki;o 6 xki ; 8i 2M [Wp; 8o 2 O; ð26Þ
xk1i 6 xki ; 8i 2M [Wp; ð27Þ
yk1i;o 6 yki;o; 8i 2M [Wp; o 2 O: ð28ÞConstraint (26) states that an opened facility can add available capacity options only. Constraint (27) prevents the opened
facilities from closing. Constraint (28) states that we can add new capacity options but we cannot remove themX
c2C
X
p2pf
f k;tp;j;c 6 xkj  BigM; 8j 2W; ð29Þ
X
o2O
yki;o 6 1; 8i 2M [Wp; ð30Þ
yki;o 6 1 xki  xk1i
 
; 8i 2M [Wp; o 2 O: ð31ÞConstraint (29) ensures that only opened warehouses can send product to customers. Eq. (30) states that we cannot add
more than one capacity option to a facility in one period, and constraint (31) prevents adding any facility option at the ﬁrst
period of opening a facilityxki 2 f0;1g; ð32Þ
yki;o 2 f0;1g; ð33Þ
zk;ts;p 2 f0;1g; ð34Þ
f k;t
p;i;i0 P 0; ð35Þ
qk;tp;i P 0; ð36Þ
hk;tp;j P 0: ð37ÞThe constraints (32)–(34) require that these variables are binary. The constraints (35)–(37) restrict these variables from
taking non-negative values.
3. Application of the proposed model
In order to illustrate applications of the proposed model, a hypothetical numerical example with the following structure
has been generated:
Number of suppliers: 8
Number of potential site for plant: 10
Number of potential site for public warehouse: 7
Number of potential site private warehouse: 12
Number of customer zone: 10
Number of strategic period: 5
Number of tactical period: 4
Number of raw material: 10
Number of ﬁnal product: 5os for investment in each period ($).
ds Scenario I Scenario II Scenario III Scenario IV
15,000 30,000 20,000 25,000
30,000 15,000 20,000 20,000
15,000 15,000 20,000 15,000
– – – –
– – – –
900000
950000
1000000
1050000
1100000
1150000
1200000
Sc I Sc II Sc III Sc IV
Fig. 1. Net present value of different investment scenarios ($).
1710 M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717Number of capacity option: 4
Tax rate: 0.1
Stakeholders’ share: 0.4
Interest rate: 0.15
Four investment scenarios are evaluated assuming that the total available fund is 60,000 that should be invested during
the planning horizon. Table 2 shows the scenarios for investment in each strategic period.
The model was solved for all scenarios using CPLEX solver. The results indicated that the second scenario is the best sce-
nario for investment according to net present value (NPV). Fig. 1 shows the NPV for scenarios.3.1. Decisions in scenario II
In the previous section four investment scenarios were evaluated in which scenario II was selected because of its NPV.
Here we present some decisions made by the proposed model in scenario II.
The proposed model at strategic level selects the best sites of production plants and warehouses. Capacity expansion can
be done from the second period of establishment. There are 10 potential sites for production unit, 12 sites for private ware-
houses and seven candidates for public warehouses in this hypothetical example. Table 3 shows status of established facil-
ities and the associated capacities in each strategic period.
The solutions show that ﬁve production units (1,2,4,5,7,10) should be established at the ﬁrst strategic period. There is no
private warehouse to be established at the ﬁrst strategic period and the model suggest hiring four public warehouses
(2,4,6,7) in this period. Three of these public warehouses will be closed at the following strategic periods, and only public
warehouse 2 will remain opened. In second period two private warehouses will be established to reduce high variable cost of
storage in public warehouses.
It is observed that capacity of all production plants increases at the second period of establishment. Fig. 2 shows trend of
expansion in production plants. Also total production capacity during the planning horizon is illustrated in Fig. 3.Table 3
Capacity of production plants in each strategic period.
Strategic periods
1 2 3 4 5
Production plants 1 2685 3162 3162 3162 3162
2 – 1957 2434 2434 2434
3 – 2468 2945 2945 2945
4 2953 3430 3430 3430 3430
5 2152 2629 2629 2629 2629
6 – 2571 3048 3048 3048
7 2416 2893 2893 2893 2893
9 – 1676 2153 2153 2153
10 2991 3468 3468 3468 3468
Private warehouse 6 – – 3676 3676 3676
8 – 3214 3214 3214 3214
12 – 4922 4922 4922 4922
Public warehouse 2 Hired Hired Hired Hired Hired
4 Hired – – – –
6 Hired – – – –
7 Hired – – – –
05000
10000
15000
20000
25000
30000
1 2 3 4 5
Plant 10
Plant 9
Plant 7
Plant 6
Plant 5
Plant 4
Plant 3
Plant 2
Plant 1
Fig. 2. Capacity expansion in production plants.
0
5000
10000
15000
20000
25000
30000
1 2 3 4 5
Fig. 3. Total production capacity during strategic periods.
Table 4
Selected suppliers for each raw material.
Raw material Supplier
1 2 3 4 6 7 8
1 U – U U – U –
2 – U – U U – –
3 U – – – U U U
4 – – – – U U U
5 – – U U – – –
6 – – – U – U –
7 – – – – U U –
8 – U U – – – –
9 – U – U – U U
10 U – – – – – –
M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717 1711In the proposed model suppliers are selected based on required amount of raw materials, price and transportation costs.
In the current example materials are supplied by seven suppliers during the planning horizon. Table 4 shows type of mate-
rials supplied by each supplier. It is observed in this table that when a supplier is selected it does not mean that all rawmate-
rials can be supplied from there. For example supplier 1 is selected to supply only three raw materials (1,3,10).
There are four potential products can be produced in production plants. Since, in the proposed model it is not necessary to
satisfy all customer demands, so it is a possible decision to focus on some products instead of manufacturing all potential
Table 5
Quantity of products to be produced in each tactical period.
Finished product Tactical period Strategic period
1 2 3 4 5
1 1 1397 1648 1648 1648 1648
2 1397 1648 1648 1648 1648
3 1397 1648 1648 1648 1648
4 1397 1648 1648 1648 1648
2 1 805 1527 1634 1634 1634
2 805 1527 1634 1634 1634
3 805 1527 1634 1634 1634
4 805 1527 1634 1634 1634
5 1 1531 2991 3270 3270 3270
2 1531 2991 3270 3270 3270
3 1531 2991 3270 3270 3270
4 1531 2991 3270 3270 3270
0
2000
4000
6000
8000
10000
12000
14000
0 1 2 3 4 5 6
Product 1
Product 2
Product 5
Fig. 4. Increasing trend of products quantity.
Table 6
Quantity of products to be stored at the end of each tactical period.
Warehouse Product Tactical period Strategic period
1 2 3 4 5
Private 8 5 4 – 769 788 788 –
12 5 4 – – 603 1234 –
Public 2 5 4 173 – – – –
1712 M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717products. Solutions indicate that three products (1,2,5) are selected to be produced in production plants. Table 5 shows
quantity of products to be produced in each tactical period. According to plants’ capacity expansion, products quantity
has an increasing trend that is illustrated in Fig. 4.
In the proposed model it is supposed that products cannot be transported from production units to customer zones di-
rectly, so warehouses act as distribution centers in which products can be stored as well.
In the current example products will be stored only at two private warehouses (8,12) and one public warehouse (2). Table
6 shows quantity of products will be held at the end of each tactical period.4. Numerical analysis
To evaluate performance of the proposed model, some computational experiments are presented in this section. Different
test problems were designed in 3 classes, 5 test problems (P1–P5) in small class (S), 3 test problems (P6–P8) in medium class
(M) and 2 test problems (P9–P10) in large class (L). These instances have been solved by the use of CPLEX MIP solver. The
CPLEX MIP solver was run on a Dual core 2.26 GHz processor with 2 GHz of RAM. The planning horizon is ﬁxed at ﬁve
M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717 1713strategic periods, and each strategic period includes four tactical periods. In each class, we generate 5 instances with the
same characteristics to reduce the impact of particular data sets. Table 7 shows the structure of test problems and invest-
ment strategies.
After solving the instances, total number of variables, total number of discrete variables, and total number of constraints
and CPU times to reach the optimal solution have been recorded. Computational results of instances are illustrated in Table
8.
It is observed that in small class of instances, total number of variables varies from 11,113 to 1,408,693. In small instances
the maximum number of variables is 204,593, while the minimum number of variable in large instances is 849,498. In theTable 7
Structure of the test problems.
Class Problem Strategic
period
Tactical
period
Supplier Production
plant
Warehouse Customer Raw
material
Product Capacity
option
Investment in each
strategic period
Private Public 1 2 3 4 5
S P1 5 4 5 5 3 2 10 4 5 3 8000 7000 – – –
P2 5 4 12 7 4 3 25 8 6 3 8000 7000 – – –
P3 5 4 15 8 5 3 35 10 7 4 8000 7000 – – –
P4 5 4 18 9 6 4 50 12 8 4 8000 7000 – – –
P5 5 4 20 10 7 5 60 15 8 5 8000 7000 – – –
M P6 5 4 23 11 8 6 70 18 9 5 10,000 8000 – – –
P7 5 4 25 12 8 6 80 20 10 5 10,000 8000 – – –
P8 5 4 27 13 9 7 85 23 11 5 10,000 8000 – – –
L P9 5 4 30 17 10 8 100 27 13 6 10,000 8000 – – –
P10 5 4 35 20 12 10 120 32 15 7 10,000 8000 – – –
Table 8
Computational results for all instances.
Class Problem Variable Discrete variable Constraint CPU (s) Gap
Min Ave. Max Min Ave. Max
S P1 11,113 600 4138 2.8 3.56 4.1 0.00009 0.05956 0.08938
P2 44,213 2200 10,938 13.8 16.52 17.7 0.02778 0.06069 0.09055
P3 77,813 3400 16,463 33.8 39.76 46.2 0.02168 0.06077 0.09203
P4 141,128 4795 23,863 88.5 97.04 108.9 0.02500 0.04218 0.05998
P5 204,593 6660 30,748 191.1 208.1 228.4 0.01301 0.02249 0.04038
M P6 308,743 9030 40,588 320.8 408.64 469.1 0.01149 0.01873 0.02456
P7 393,593 10,780 49,098 675.6 732.52 788 0.02851 0.03568 0.04321
P8 526,103 13,290 59,338 1020.8 1220.48 1305.3 0.01947 0.02258 0.02746
L P9 849,498 17,425 81,333 7335 7991.6 8469 0.02974 0.04749 0.09107
P10 1,408,693 24,080 112,338 >3 h >3 h >3 h NFS NFS NFS
0
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Fig. 5. Increasing trend of number of variables in each class of instances.
1714 M. Bashiri et al. / Applied Mathematical Modelling 36 (2012) 1703–1717large class of instances total number of variables exceeds 1,400,000. The increasing trend of total variables in each class of
instances is illustrated in Fig. 5.
Total number of discrete variables varies from 600 in instance P1to 24,080 in instance P10. The increasing trend of dis-
crete variables in each class of instances is illustrated in Fig. 6.
In small instances total number of constraints varies from 4138 to 30,748. In medium instances minimum and maximum
number of constraints is 40,588 and 59,338 respectively. Number of constraints in P10 in large class of instances is 112,338.
The increasing trend of constraints in each class of instances is illustrated in Fig. 7.
The solution time varies from 3.56 s to 208.1 s. In medium class of instances the increasingly trend of number of variables,
number of discrete variables and number of constraints causes the CPU time to increase signiﬁcantly. Average of the CPU
time in instance P6 is less than 7 min and this amount in instance P8 is 20 min. The CPU time in large class of instances
is signiﬁcantly different from small and medium classes. The CPU time in instance P9 exceeds 2 h and in instance P10 this
amount exceeds 3 h. (See Fig. 8)
Totally 50 instances were designed and solved in three classes to evaluate the solution time to ﬁnd a good solution. We
can observe from optimality gaps that CPLEX solver could ﬁnd high quality solutions, but when the size of instances gets
larger, we notice an increase in minimum, average and maximum of the CPU times. The formulation to calculate optimality
gap isGap ¼ Best Possible Solution Final Solution
Best Possible Solution0
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15000
20000
25000
30000
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Discrete variable
S M L
Fig. 6. Increasing trend of number of discrete variables in each class of instances.
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Fig. 7. Increasing trend of number of constraints in each class of instances.
01000
2000
3000
4000
5000
6000
7000
8000
9000
P1 P2 P3 P4 P5 P6 P7 P8 P9
CPU(s)S M L 
Fig. 8. Increasing trend of CPU time in each class of instances.
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Some of the decisions in the ﬁeld of supply chain management are strategic and usually are made by top managers. This
kind of decisions are very important in the current competitive business world for those managers who want to retain their
ﬁrms viable for a long time.
In this paper based on the main concepts and deﬁnitions of strategic and tactical planning in supply chain management, a
mixed integer linear programming (MILP) model was developed for the design and expansion planning of a four echelon dy-
namic production–distribution network in which different resolutions for strategic and tactical decisions are considered.
Also expansion of supply chain in the proposed model is restricted to cumulative net incomes.
The proposed model makes decisions about supplier selection, facility location, quantity of raw material to be supplied
from each supplier, quantity of each product to be produced in each facility, quantity of each manufactured product to be
sent to each customer zone and expansion planning in a long term horizon.
In this paper a hypothetical numerical example was generated and the solutions were analyzed to illustrate applications
of the proposed model. In this example different scenarios for investment were analyzed, best scenario selected and the de-
sign of network in different echelons based on this scenario was illustrated. Also some analyses were done on small, medium
and large scale of instances to evaluate the solution time. The results indicate that it is possible to obtain near optimal solu-
tions within a reasonable amount of time, for small and medium size instances. However, when the size of instances gets
larger, more than 2 h is required to achieve to the optimal solution.
The proposed model in this paper can be improved by adding some discount policies which have special importance in
the current business world. Also it is suggested to consider lot size production situation in the proposed model in which pro-
duction variable cost is dependent on the production quantity. Another direction to improvement can be to consider some
ﬁnancial aspects such as loan management in the expansion planning of supply chain. Also to improve the solution time for
large scale problems, developing some heuristics for this speciﬁc class of problems can be considered as the next step of this
research.
Appendix A. Data generator commands
Rk;ts;p ¼ ceilðuniformð10; 000;20;000ÞÞ
MKi = ceil(uniform(500,1000))
NKi = 1.5 ⁄MKi
MUi = 0.1
NUi = 0.9
CKo = ceil(uniform(200,500))
Dk;tc;p ¼ ceilðuniformð2000;4000ÞÞ
Bp0 ;p ¼ ceilðuniformð1;3ÞÞ
WLp,i = ceil(uniform(2,5))
(continued on next page)
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MOs,p = 100
Ai,j = ceil(uniform(10,15))
PRp ¼ ceilðuniformð80;100ÞÞ
PSp;s ¼ ceilðuniformð5;10ÞÞ
Coi = ceil(uniform(0,90)) + ceil(uniform(100,110) ⁄ sqrt(MKi))
Coprw = ceil(uniform(0,50)) + ceil(uniform(40,60) ⁄ sqrt(MKi))
CAi,o = ceil(uniform(0,30)) + ceil(uniform(10,20) ⁄ sqrt(CKo))
CAi,o = ceil(uniform(0,10)) + ceil(uniform(5,15) ⁄ sqrt(CKo))
CUi = ceil(uniform(0,20)) + ceil(uniform(10,20)) ⁄ sqrt(MKi)
CUprw = ceil(uniform(0,10)) + ceil(uniform(5,10) ⁄ sqrt(MKi))
Copi,o = ceil(uniform(0,5)) + ceil(uniform(5,8)) ⁄ sqrt(CKo)
Copprw,o = ceil(uniform(0,5)) + ceil(uniform(3,5) ⁄ sqrt(CKo))
CPp,i = ceil(uniform(10,20))
CSp,j = ceil(uniform(2,5))
CTp,i,j = ceil(uniform(1,3))
CDp,s,i = ceil(uniform(1,3))
CFp,j,c = ceil(uniform(1,3))References
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